A smut fungus Ustilago scitaminea NBRC 32730 on sugar cane (Saccharum) was found to accumulate a large amount of glycolipids in the culture medium. As a result of structural characterization, the main glycolipid was identified as MEL-B, 4-O--(2 0 ,3 0 -di-O-alka(e)noyl-6 0 -O-acetyl-D-mannopyranosyl)-erythritol. The MEL-B was sufficiently produced from a variety of sugars such as sucrose, glucose, fructose, and mannose. Olive oil and methyl oleate were also available as carbon sources to produce MEL-B. However, these residual oils made product recovery very complicated. Under optimal conditions, a maximum MEL yield of 12.8 g/l was achieved by feeding of sucrose.
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Key words: biosurfactants; glycolipids; mannosylerythritol lipids; Ustilago Biosurfactants (BSs) are surface-active compounds produced by various microorganisms. They have attracted considerable interests in recent years due to their unique properties (e.g., biodegradability, mild production conditions, and multi functionality). 1) Mannosylerythritol lipids (MEL) are one of the most promising glycolipid BSs. They consist of 4-O--D-mannopyranosyl-erythritol, and fatty acids as the hydrophobic moiety (Fig. 1A) . 2, 3) They show not only excellent surface-active 4) and self-assembling properties, [5] [6] [7] but also versatile biochemical actions, including antitumor and cell-differentiation induction activities with respect to human leukemia, 8, 9) rat pheochromocytoma, 10) and mouse melanoma cells. 11, 12) In addition, they show high binding affinity toward different immunoglobulins 13, 14) and lectins, 15) and thus have great potential as new affinity ligands.
In conventional high-level MEL producers such as Pseudozyma antarctica T-34, 16 ) P. aphidis DSM 70725, 17, 18) and P. rugulosa NBRC 10877, 19) the product is consistently a mixture of MEL-A (the major component, comprising more than 70% of all the MELs), MEL-B and MEL-C (Fig. 1A) . Recently, P. hubeiensis KM-59, 20) P. graminicola CBS 10092, 21) P. siamensis CBS 9960, 22) and P. shanxiensis CBS 10075 23) were found to produce mainly MEL-C with a variety of fatty acids as the hydrophilic part. In addition, P. tsukubaensis predominantly produced a new type of MEL-B, a diastereomer of MEL-B produced by P. antarctica.
24)
Recently, a flower-infecting smut fungus, Ustilago cynodontis NBRC 7530, was found to be a new MEL-C producer. 25) In addition, other smut fungi, Ustilago maydis, are known to produce MELs together with cellobiose lipids from vegetable oils. 26) Therefore, fungi of the genus Ustilago are potential BS producers as well as the yeasts of the genus Pseudozyma. Hence we focused our attention on the genus Ustilago.
In conventional MEL producers, vegetable oil is the best carbon source for MEL production, but this makes the production and recovery processes very complicated. 27 ) When soybean oil is employed, the removal of the residual oil after cultivation, and the purification of MEL from the oil and its degradation products by lipase (e.g., mono-or di-acylglycerols and free fatty acids) are required. In order to improve the efficiency of MEL production, we previously investigated the use of water-soluble carbon sources such as glucose and glycerol instead of vegetable oils. These water-soluble carbon sources simplified production and recovery. 27, 28) Here, we report for the first time that a smut fungus, U. scitaminea NBRC 32730, on sugar cane efficiently accumulates glycolipids in the culture medium from sucrose. U. scitaminea NBRC 32730, U. scitaminea NBRC 32729, U. kusanoi NBRC 9070, U. shiraiana NBRC 30149, U. shiraiana NBRC 8809, and U. nuda NBRC 6906 were obtained from the National Institute of Technology and Evaluation of Japan (Chiba, Japan). In order to estimate MEL formation by the genus Ustilago, these strains were initially cultured in a test tube containing 2 ml of a basal medium (5% w/v olive oil, 0.3% w/w NaNO 3 , 0.03% w/w MgSO 4 , 0.03% w/w KH 2 PO 4 , 0.1% w/w yeast extract, pH 6 .0) at 25 C on a reciprocal shaker (200 strokes/min) for 7 d. The produced glycolipids were extracted from the culture medium with an equal amount of ethyl acetate. The extracts were analyzed by thin-layer chromatography (TLC) on silica plates (Silica gel 60F; Wako, Japan) with a solvent system consisting of chloroform/ methanol/7N ammonia solution (65:15:2, by volume). The compounds on the plates were located by charring at 110 C for 5 min after spraying the anthrone/sulfuric y To whom correspondence should be addressed. Fax: +81-29-861-4660; E-mail: dai-kitamoto@aist.go.jp
Communication reagent, as previously described. 16) The purified MEL fraction containing MEL-A, MEL-B, and MEL-C prepared as previously reported 29) was used as a standard. On TLC, the extract from strain NBRC 32730 gave several spots of glycolipids, and the main spot showed nearly the same R f value (R f ¼ 0:66) as that of MEL-B. However, no other strains gave spots of glycolipids. We further investigated the main glycolipid produced by strain NBRC 32730.
The main glycolipid was purified by silica gel (Wakogel C-200) column chromatography using a gradient elution of chloroform/acetone (10:0 to 0:10, v/v) mixtures as solvent systems. 19) The glycolipid was then characterized by 1 H and 13 C nuclear magnetic resonance (NMR) with a Varian INOVA 400 (400 MHz) at 30 C using the CDCl 3 solution ( Table 1) . The spectrum corresponded well with the previously reported MEL-B of P. antarctica:
The fatty acid profile of the MEL-B was further analyzed by GC-MS as follows ( Table 2) : The methyl ester derivatives of the fatty acids were prepared by mixing the above purified glycolipids (10 mg) with 5% Chemical structure of mannosylerythritol lipids (A). Effects of the water-soluble carbon source on glycolipid production by U. scitaminea NBRC 32730 (B and C). Samples were extracted from the cultured medium using equal amounts of ethyl acetate, and the organic solvent fraction was spotted onto a TLC plate (B), and subjected to HPLC analysis (C). The purified MELs produced by P. antarctica T-34 were used as a reference. HCl-methanol reagent (1 ml). After the reaction was quenched with water (1 ml), the methyl ester derivatives were extracted with n-hexane and then analyzed by gas chromatography-mass spectrometry (GC-MS) (Hewlett Packard 6890 and 5973N, CA, USA) with a TC-WAX (GL Science, Tokyo, Japan) with temperature programmed from 90 C (held for 3 min) to 240 C at 5 C/min. 20) The major fatty acids of the MEL-B produced from olive oil by strain NBRC 32730 were C 8 and C 12 acids (Table 2) . On the other hand, the main fatty acids of the MEL-B produced from olive oil by P. tsukubaensis were C 8 and C 14 .
30)
The molecular weights of the purified glycolipids were measured by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF/MS) (Voyager-DE PRO, CA, USA) with ancyano-4-hydroxycinnamic acid matrix. The molecular weight of the major MEL-B was 657.1 (C 8:0 and C 12:0 acids) as determined from the main peak (½M þ Na þ ) by MALDI-TOF/MS analysis; this is consistent with the above structure. Consequently, U. scitaminea NBRC 32730 was confirmed to be a novel MEL-B producer distinct from P. tsukubaensis, known to be a MEL-B producer.
Vegetable oil is the best substrate for MEL production, 31) but this makes the production and recovery processes very complicated. Therefore, the use of watersoluble carbon sources instead of vegetable oil is highly desirable. Here, not only olive oil and methyl oleate but 11 water-soluble carbon sources were used: sucrose, glucose, fructose, mannose, galactose, sorbitol, mannitol, ribitol, arabitol, inositol, and erythritol (Fig. 1B) . Strain NBRC 32730 was cultured in basal medium containing appropriate carbon sources, an equal amount of ethyl acetate was added to the culture medium, and the MEL-B produced was detected by the TLC method. Olive oil, methyl oleate, sucrose, glucose, fructose, and mannose were used sufficiently for MEL-B production, while the others were not.
Quantification of the produced MEL-B was carried out by HPLC on a silica gel column (Inertsil SIL 100A 5 mm, 4:6 Â 250 mm; GL Science, Tokyo, Japan) with a low-temperature evaporative light scattering detector (ELSD-LT; Shimadzu, Kyoto, Japan) using a gradient solvent program consisting of various proportions of chloroform and methanol (from 100:0 to 0:100, v/v) at a flow rate of 1 ml/min.
17) The HPLC analysis was based on the standard curve using the purified MEL fraction prepared as reported previously. 19) On HPLC, the extracts containing MEL-B from water-soluble carbon source showed a main peak (RT ¼ 7:75 min) at high purity over 99.9% (Fig. 1C) . As expected, the extract from olive oil showed not only MEL-B but also plural peaks containing residual oils and fatty acids (Fig. 1C) . The amounts of MEL-B from sucrose and olive oil were 4.3 and 14.1 g/l, respectively. These results strongly suggest that the use of a water-soluble carbon source for MEL-B production by strain NBRC 32730 simplifies and improves the production and recovery processes as compared with the use of vegetable oils, whereas the production efficiency from sucrose was lower than that from olive oil. Since the highest yield was obtained from sucrose of the water-soluble carbon source tested, this was used extensively as the carbon source in subsequent experiments.
To optimize the MEL-B production conditions by strain NBRC 32730, the effects of nitrogen sources were investigated. Sodium nitrate (0.3%, w/w) was clearly the best nitrogen source, and ammonium nitrate and ammonium sulfate were not. Therefore sodium nitrate was used as the nitrogen source in the experiments. The good effect of temperature on MEL-B production was also examined using the basal medium. The highest yield was observed at 25 C, and differences in MEL-B yield were prominent at 20 and 30 C. No MEL-B production was observed at over 35 C. The effect of yeast extract, which is widely used to supply minor vitamins and mineral components during fermentation, was also examined using the basal medium containing different concentrations of yeast extract at 25 C. Although the concentrations of MEL-B increased with increases in yeast extract concentration up to 5.0 g/l, further increases in concentration caused a significant decrease in MEL-B production. Consequently, the highest yield over 4.8 g/l was obtained under these conditions. Moreover, the optimum sucrose concentration for MEL-B production was studied in medium containing 5.0 g/l of yeast extract at 25 C for 7 d with shaking at 200 rpm. The concentrations of MEL-B increased with an increase in sucrose concentration up to 150 g/l, and further increases in the concentration caused a slight decrease in MEL-B production. Accordingly, the highest yield over 5.5 g/l was obtained from 150 g/l of sucrose. Therefore, 150 g/l of sucrose was used as the carbon source in the experiments. Figure 2 shows a typical time course of MEL-B production by U. scitaminea NBRC 32730 with feeding of 150 g/l of sucrose as the sole carbon source. After incubation for 21 d on the fermentation medium, the total amount of MEL-B reached 12.8 g/l, whereas cell growth was observed in slight amounts during cultiva- tion after 7 d. Therefore, cells of strain NBRC 32730 are stable for at least 3 weeks and are able to produce MEL-B from sucrose without the addition of any other nutrients. The production rate of MEL-B can thus be easily improved with large numbers of resting cells. On the other hand, a large amount of residual fructose (155 g/l) was detected in the culture after 21 d incubation; 70 g/l of fructose and 225 g/l of glucose derived from 450 g/l of sucrose were consumed as carbon sources for energy formation, respiration, cell growth, and MEL-B production. Consequently, further optimization of the MEL-B production conditions should facilitate the utilization of carbon sources and increase production efficiency using a large-scale fermenter.
In conclusion, the smut fungus U. scitaminea NBRC 32730 on sugar cane was newly identified to be a MEL-B producer. It successfully produced MEL-B from sucrose as the sole carbon source. The production of MELs from a water-soluble carbon source is advantageous in designing a simplified process, and might compensate for the low production yield compared to the case of soybean oil cultivation. In our estimation, the productivity of the MEL-B from sucrose can be enhanced over 2-fold to apply to industrial production. Moreover, sucrose is a main compound of sugar cane, which is one of the main feedstocks for bio-ethanol production in Brazil and India, 32) and thus the MEL-B producer derived from sugarcane should facilitate the use of feedstock for MEL-B production. Further study of the expansion of structural varieties and applications of MELs from the water-soluble carbon source are now in progress.
